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Introduction

The South Atlantic Anomaly (SAA), located between Southern Africa and South America, is a
key region of interest due to its notably weak magnetic field, which impacts satellite
operations, increases radiation exposure, and affects space weather (Konradi et al, 1994,
Gubbins et al., 2000, 2000b; Smith et al., 2016).

Recent studies using global models like IGRF-13 (Rother et al., 2021) and CHAOS-7 (Finlay et al,,
2020) show that the SAA is deepening, expanding, and moving westward due to complex
core processes. However, these models may miss fine-scale features, highlighting the need for
detailed regional studies.

This study models the Earth's magnetic field over the SAA using high-resolution Swarm
satellite data (Olsen et al, 2013) and ground-based observations. Applying the R-SCHA

technique, it aims to better understand the region’s ongoing magnetic field intensity
decrease.
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Introduction (cont.)

Geomagnetic field intensity over the SAA region from the CHAOS-8.5 model at epoch 2024.0
(ground level), highlighting the study area, data coverage (green circles), and the modelled
region (blue circles).
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Data selection and processing

Data Source: Used Swarm satellite data (2014-2024) from satellites Alpha, Bravo, and Charlie
(Olsen et al., 2013).

Region Focus: Selected data for latitudes 8°N to 62°S and longitudes T06°W to 49°E, to model
the region of latitudes 5°S to 49°S and longitudes 90°W to 35°E.

Time Selection: Only quiet night-time measurements were used, defined as those taken
when the Sun forms an angle with the horizon smaller than -10°.

Filtering Criteria selects geomagnetically quiet periods: Retained data with Kp < 2, |Dst| < 20
nT/h, |dDst/dt| < 3 nT/h, and |dRC/dt| < 3 nT/h.

Lithospheric Magnetic Field: Removed using the MF7 lithospheric field model (Maus, 2010).

The external field contributions: Removed using the CHAOS-8.5 global geomagnetic field
model (Kloss et al., 2026).

Data Decimation: Reduced model input data by retaining only data recorded inside 0.2°
radius bins on the grid of 1° X 1°, and retaining a single point per epoch, resulting in 84,664 for
model 1, 84,479 for model 2, and 84,571 for model 3 vector da_ta points.
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Data selection and processing (cont.)

» Data Source: Used hourly mean data from eleven magnetic observatories: (TSU, HBK, KMH,
HER, SHE, ASC, TDC, VSS, ORC, PIL, HUA) 2014 - 2024.

» Selection Criteria: Applied the same criteria as for satellite data selection.
» Daily Averaging: Daily means were calculated by averaging the selected hourly data.

» Data Retained: A total of approximately 3,127 vector data points per station were retained from
the observatory data. A total of 135 vector data points were retained from the survey stations.

» Crustal Bias Removal: Removed biases from the observatory and survey using methods by
Korte and Thebault (2007); Mandea and Langlais (2002). Biases (Xc, Yc, Zc) were calculated as
differences between observatory measurements (Xi, Vi, Zi) and model predictions (Xm, Ym,
Zm) using the CHAOS-8.5 model.
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Methodology R-SCHA

In the R-SCHA method (Thébault et al,, 2006), the scalar potential field V is given by the equation
below:

Nk(m)+1

V(r,6,0,0) = REN Ko (2 |97,y (©) cOS(mep) + BT, (£) sin(mep) | BT, (cos ) +
REGHTE o(5) |98 (6) cOSme) + hy,  (£) sin(me)| B2, (cos6) +
R me“x Ym=0Rp () [gz’,"(t) cos(mg) + hy'(t) sm(m<p)]Km(cos 0) +
R Y ma* Ym0 Ro(M)[gi(t) cos(me) + hTH(t) sin(me)]KT"(cos 6),

k(m)

here, R is the Earth’'s mean radius. 8 and ¢ are colatitude and longitude, P, nk( ,(cos ) are Legendre
associated functions, K;*(cos 8) are Mehler functions.
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Results and discussions

Optimization of Legendre Expansion Limits K,,,, and M,,,, and the Mehler Conical Function
Pax, USING half angle 35°.
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Results and discussions (cont.)

Ground-level (O km) differences between the developed model and CHAOS-8.5 at epoch 2019.0.
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Results and discussions (cont.)

Total geomagnetic field change between epochs 20145 and 20245, as predicted by the

developed model at ground level (O km).
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Results and discussions (cont.)

lllustration of the Geomagnetic Virtual Observatory (GVO) concept. The red dot denotes the GVO,
the red star indicates a ground observatory, and the blue dashed line represents the satellite
orbit.
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Results and discussions (cont.)

» The approach follows the methodology described by Nahayo and Korte (2022), and is
expressed as:

Dvirtual — Dswarm + (Cvirtual — Cswarm):

here, D,iruar TEPresents the magnetic field value at the virtual observatory, Dgyqrm 1S the
recorded Swarm satellite observation, Cpiriuq 1S the CHAOS-8.5 model prediction at the virtual
observatory position, and C,.m 1S the CHAOS-8.5 model prediction at the original satellite
observation position, all evaluated at the same epoch.

» To identify possible changes, we applied a method based on the approach described by
Chulliat et al. (2010). This method examines temporal changes in the geomagnetic field by
calculating the annual rate of change of the X, YV, Z, and total field F components. The Secular
Variation (SV) was estimated using a centred finite difference scheme over a 12-month
interval, given by:

dB/dt — B(t+6)_B(t_6)/1 year

here, B represents the monthly mean value of one geomagnetic field component (X, Y, Z, or F),
and t denotes the month at which the SV is centred.
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Results and discussions (cont.)

» To suppress seasonal sighals associated with external field sources, such as magnetospheric
and ionospheric current systems, a 12-month running mean was applied to the SV time series,
B(t)(B =X,Y,Z, or F), following the approach of Olsen and Mandea (2007).

» Over periods ranging from months to years, abrupt changes in the linear SV trend may occur.
These rapid changes are known as SV impulses or geomagnetic jerks (Courtillot et al., 1978).
Geomagnetic jerks are often limited in both space and time, but they can appear at different
times in different regions of the world and may affect different geomagnetic field
components (e.g., Mandea et al., 2010).
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Results and discussions (cont.)

Comparison of SV in the X, Y, Z, and total field F components. The right panel shows SV derived
from the GVO above TDC (478 km, red dots), the CHAOS-8.5 global model (blue lines), and the
R-SCHA regional model (orange lines). The left panel presents ground observatory SV (black
dots) together with the corresponding 12-month running means (green dots).
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Conclusion

» This study developed a regional geomagnetic field model based on the R-SCHA approach to
investigate the evolution of the SAA between 2014 and 2024. The results successfully capture
the recent spatial and temporal variability of the field within the study region.

» Importantly, the residuals between the R-SCHA regional model and the CHAOS-8.5 global
model are small, indicating good overall agreement and limited edge effects at ground level.

> A key finding is that the fastest decrease in total magnetic field does not occur at the current
position of the second minimum (0.56°W,40.60°S), but at a nearby position (4.56°E,32.62°S). A
similar behaviour is observed for the first minimum (59.70°W, 26.30°S), where the strongest field
change is not collocated with the minimum itself, but instead found at approximately
(89.96°W, 48.98°S). These positions were determined by generating a fine spatial grid with a
resolution of 0.02°X 0.02° in longitude and latitude. The tracking uncertainty is therefore
controlled by the grid spacing, and the positional error is estimated to be +0.02°.

» Finally, the interaction between the two SAA minima and their respective roles in the
evolution of the SAA remain important topics for further investigation. Continued monitoring
using updated satellite and ground-based observations, extension of the regional model in
time and space, and detailed analysis of migration rates and intensity change will be essential
to fully understand the dynamics of the SAA.
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